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 8 
Abstract 9 
The effects of increasing pH on the adsorption and extractability of Si in two Si-deficient 10 
Australian sugarcane soils was investigated and the effects of increasing rates of fertilizer Si 11 
(as blast furnace slag) on pH and extractable Si were also examined. Equilibrium studies 12 
showed that maximum adsorption of Si by the two soils occurred in the pH range 9-10. When 13 
soil pH was increased from 5.0 to 6.5, subsequent adsorption of Si by the two soils, as 14 
measured by adsorption isotherms, increased. After incubation with progressive lime 15 
additions there was a decline in CaCl2- extractable Si due to its increased adsorption and an 16 
increase in acid (H2SO4- and acetic acid)-extractable (mainly adsorbed) Si. The increase in 17 
acid extractable Si was greater than the decrease in CaCl2-extractable Si suggesting a supply 18 
from an additional source. Alkali (Na2CO3 and Tiron)-extractable Si decreased greatly with 19 
increasing pH suggesting dissolution of the amorphous (mainly biogenic) pool of silica was 20 
occurring with increasing pH. When increasing rates of slag were incubated with the soils, 21 
pH, CaCl2- and acid- extractable Si were all increased because upon dissolution slags release 22 
both silicic acid and OH- ions. There was, therefore, a positive relationship between 23 
extractable Si and soil pH.  However, Na2CO3-and Tiron-extractable Si decreased with  24 
٭ Corresponding author, 25 
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increasing slag rates (and increasing soil pH) suggesting dissolution of the biogenic pool of 27 
soil Si. It was concluded that future research needs to examine the desorption potential of 28 
adsorbed Si and the effects of liming on dissolution of the biogenic pool of soil silica under 29 
field conditions. 30 
Key words: silicon; silicate adsorption; pH; liming; silicate availability 31 
 32 
1.   Introduction 33 
Although Si is considered a beneficial rather than essential nutrient (Haynes, 2017a), 34 
positive yield responses to its application have been observed in sugarcane and rice as well as 35 
a range of other crops (Savant et al., 1997, 1999; Liang et al., 2015). Silicon fertilizers (often 36 
blast furnace or other slags) are routinely applied to sugarcane and rice crops throughout the 37 
world (Savant et al., 1997, 1999). Even so, the chemistry of the availability of Si in soils is 38 
poorly characterized (Haynes, 2014). The most important factor affecting the Si status of 39 
soils is the solubility of primary and secondary minerals present and highly weathered soils 40 
generally have the lowest Si status (Haynes, 2014; Liang et al., 2015). Silicon, is present in 41 
soil solution as silicic acid, and is buffered by adsorption/desorption of silicate to soil colloid 42 
surfaces. The availability of soil Si is complicated by the presence of a biogenic pool of 43 
amorphous silica (Keller et al., 2012; Haynes, 2017b) which is mainly of plant origin 44 
(phytolith Si). As noted by Haynes (2017b), commonly used extractants for available Si 45 
(neutral salts and acidic reagents) do not extract significant amounts of Si from this pool and 46 
the use of an alkaline extractant (e.g. Na2CO3 or Tiron) will be needed to take account of the 47 
presence of biogenic soil Si. 48 
One aspect of Si fertility in soils that is surrounded with controversy is the effect of pH 49 
on Si solubility and extractability. While some workers have suggested that the availability of 50 
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Si decreases with increasing pH due to increased adsorption (Savant et al., 1999; Berthelsen 51 
et al., 2003) a number workers have shown increases in Si availability with increasing pH (de 52 
Camargo et al., 2007; Miles et al., 2014; Mantovani et al., 2016). The reason for such 53 
contradictory findings is unclear. Several factors are likely to influence the effect of pH on Si 54 
solubility/extractability including adsorption/desorption reactions with soil colloids, 55 
dissolution of biogenic Si and the use of slag fertilizers which are also liming agents. In 56 
addition, the nature of the extracting agent used to estimate Si availability might also 57 
influence the findings.  58 
In this study the effects of increasing pH on adsorption of Si by soil surfaces and the 59 
extractability of native soil Si are examined in two Si-deficient soils taken from the 60 
Australian sugar belt. The effects of blast furnace slag addition on both pH and Si 61 
extractability are also investigated. As well as using a dilute salt (0.01M CaCl2) and acidic 62 
extractants (0.02 M H2SO4 and 0.50 M acetic acid) which are commonly employed in soil 63 
testing, two alkali extractants (not used thus far in soil testing for Si) were also used (0.1 M 64 
Na2CO3 and 0.1 M Tiron- an alkaline complexing agent) in order to provide a more 65 
representative estimation of Si availability (i.e. from all the main soil pools). 66 
 67 
2.  Materials and methods 68 
2.1 Materials used 69 
The first soil used was excavated (0-10 cm) from the control plots of a BSES Si field trial 70 
near Bundaberg, Queensland. The gleyed, podzolic soil was classified as a Redoxic Hydrosol 71 
(Isbell 2002) or by US Soil Taxonomy as an Aquic Kandiustult. The second soil was 72 
excavated (0-10 cm) from a field trial near Tully, northern Queensland. It was a humic gleyed 73 
soil from an alluvial plain and was classified as a Redoxic Hydrosol (Isbell, 2002) or as a 74 
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Typic Tropaquept by Soil Taxonomy. The mineralogy of both soils is dominated by kaolinite 75 
with some illite and smectite present. The soils were sieved < 2 mm prior to use.  76 
Air-cooled BF slag was obtained from the Bluescope Steel Ltd, Port Kembla Steelworks 77 
(New South Wales, Australia) and was ground and sieved (< 200 µm) before use.  78 
2.2 Soil analysis 79 
Organic C content was measured by combustion using a Carlo Erba C, H, N analyser. 80 
Electrical conductivity (EC) and pH were analysed in a 1:5 (v/v) water extract using glass 81 
electrodes and available P was extracted with 0.5 M NaHCO3 (pH 8.5) (1:100 w/v for 16 h) 82 
and P was analysed colorimetrically by the molybdenum blue method (Rayment and 83 
Higginson 1992). Exchangeable bases were extracted with 1 M ammonium acetate (pH 7) and 84 
Ca, Mg, K, and Na in the extracts were analysed by ICP-AES (Rayment and Higginson 1992).  85 
Silicon was extracted from soils with 0.02 M H2SO4 (Truog extractant) (1:10 ratio for 86 
20 min) (Meyer and Keeping 2000), 0.5 M acetic acid (1:10 ratio for 1h) (Barbosa-Filho et al. 87 
2001), 0.01 M CaCl2 (1:10 ratio for 16 h) (Berthelsen et al. 2003), 0.5 M Na2CO3 (1:1333 88 
ratio for 16 h) (De Master, 1981) and 0.10 M Tiron [4.5-dihydoxy-1,3-benzene-disulfonic 89 
acid (disodium salt)] (1:1200 ratio at 80 °C for 1 h) (Kodama and Ross, 1991) and Si in 90 
extracts was determined colorimetrically by the molybdenum blue method (Kilmer, 1965).  91 
 2.3   Fertilizer material analysis 92 
Total Si content of slag was measured by ICP-AES after digestion in a microwave system 93 
with HNO3, HCl and HF (5:3:2) (CEM 1993). Potentially available Si was extracted with 94 
water/Amberlite resin (IRC-76) in H+ form (0.5 g material, 1 g resin and 500mL water for 16 95 
h) (Kato and Owa 1997b) and Na2CO3/NH4NO3 (10g L-1/16 g L-1) (1:100 ratio for 1h) 96 
(Pereira et al. 2003). Silicon in all extracts was measured by the molybdenum blue method. 97 
The slag was subjected to X-ray diffraction (XRD) analysis to determine its mineralogy. 98 
2.4 Effect of pH on Si adsorption 99 
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Triplicate soil samples (1 g) were weighed into 50-mL centrifuge tubes and 10 mL of 0.01 M 100 
NaCl was added (NaCl rather than CaCl2 was used as the electrolyte to avoid 101 
formation/precipitation of Ca silicate compounds). The mixture was shaken for 1 h and then 102 
adjusted to the desired pH (2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12) using HNO3 or NaOH. Once the 103 
pH had stabilized, 10 mL sodium silicate solution (in 0.01 M NaCl and at twice the desired 104 
final Si concentration) was added and the pH was adjusted again The final added Si 105 
concentration was 3 mM. The mixture was shaken on an end-over-end shaker for 16 h and 106 
during that period the pH was checked and adjusted as necessary. After centrifugation, Si in 107 
the supernatant was measured as outlined above.  108 
2.5 Adsorption isotherms 109 
The same procedure as above was used to construct Si adsorption isotherms for the two soils 110 
at pH values of 5.0, 5.5, 6.0 and 6.5. Final added Si concentrations used were 0, 0.4, 0.8, 1.2, 111 
1.6, 2.0, 2.4, 2.8 and 3.2 mM. The concentration of adsorbed Si was calculated by difference. 112 
Adsorption data (equilibrium metal concentration versus quantity adsorbed) were fitted to the 113 
Langmuir and Freundlich equations. 114 
2.6 Effect of increasing rates of lime 115 
Increasing rates of Ca(OH)2 were added to samples of the two soils to give pH values of 5.0, 116 
5.5, 6.0 and 6.5 and after thorough mixing, soils were rewetted  to 70% of water holding 117 
capacity. They were incubated for 6 weeks and then allowed to air dry. They were then again 118 
rewetted to 70% of water holding capacity and incubated for another 6 weeks before being air 119 
dried sieved and analysed for pH, CaCl2-extractable Si by methods described above. 120 
2.7 Effect of increasing rates of blast furnace slag 121 
Blast furnace slag was added to the two samples of soil at rates of 0, 0.3, 0.6 and 1.0 g Si kg-1. 122 
After thorough mixing, soils were rewetted to 70% water holding capacity. The same 123 
incubation procedure and duration as that used for liming (see above) was used. At the end of 124 
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incubation, soils were analysed for pH and Si extractable with CaCl2, H2SO4, Na2CO3 and 125 
Tiron by methods described above. 126 
2.8 Statistical analysis 127 
The statistical significance of experimental treatments was determined by subjecting the data 128 
to Analysis of Variance analysis using Minitab Software Package and differences were 129 
calculated at the 5% level using Tukey’s test. The relationships between CaCl2- extractable 130 
soil Si and soil pH was quantified by linear regression analysis. 131 
 132 
3. Results and discussion 133 
The two study soils, originating from the Australian sugar belt, had similar mineralogy and 134 
were highly leached, acid (pH 5.0) tropical soils with a relatively low organic matter status 135 
(Table 1). They both had a low Si status since critical levels for CaCl2-, H2SO4- and acetic 136 
acid-extractable Si are generally quoted as < 10, < 45 and < 20 mg Si kg-1 respectively 137 
(Haynes et al., 2013) (c.f. with Table 1). 138 
Table 1.   Some chemical properties of the two soils used 139 
Measurement Soil 1 Soil 2 
pH(water) 5.0 5.0 
EC (dS m
-1
) 0.12 0.18 
Organic C (mg kg
-1
) 11 17 
Exchangeable Ca (mmolc kg
-1
) 13   16 
Exchangeable Mg (mmolc kg
-1
) 2.8 2.3 
Exchangeable K (mmolc kg
-1
) 1.1 1.5 
Exchangeable Na (mmolc kg
-1
) 0.31   0.42 
Colwell P (mg kg
-1
) 22   49 
Extractable Si (mg kg
-1
)   
CaCl2 9.4 11 
H2SO4 9.8   20 
Acetic acid 11 12 
Na2CO3 1980 1710 
Tiron 3750 3380 
 140 
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A key process that will influence Si concentrations in soil solution is adsorption of 141 
silicate to soil colloid surfaces. Silicate is specifically adsorbed by ligand exchange to 142 
variable charge surfaces in soils (mainly Al and Fe hydrous oxides) and can form inner sphere 143 
bidentate complexes with metal hydrous oxide surfaces (Heimstra et al., 2007). However, 144 
unlike other anions such as phosphate or molybdate where maximum adsorption is around pH 145 
4, for silicate adsorption onto synthetic Fe and Al oxides has been shown to be at a maximum 146 
between pH 9-10 (Hingston et al., 1972; Goldberg and Glaubig, 1988). This was also true for 147 
the two study soils with concentrations of Si in equilibrium solutions being least between pH 148 
9 and 10 (Fig. 1).  At typical soil pH values (i.e. 5.0-6.5), Si is present in soil solution 149 
predominantly as uncharged silicic acid (H4SiO4) but Si is preferentially adsorbed as the 150 
oxyanion H3SiO4- (Bowden et al., 1980). The proportion of Si present as H3SiO4- in solution 151 
(and its adsorption) increases with increasing pH up to about 9.8: 152 
H4SiO4  ⇌  H3SiO4- +  H+                                  pK1= 9.8 153 
Above that pH, electrostatic repulsion between silicate and the negatively charged surfaces 154 
results in a decrease in adsorption (Fig. 1). In addition, at higher pH values, oxyanion 155 
adsorption is inhibited due to increasing competitive effects of OH- for adsorption surfaces. 156 
As a result, within the normal pH range of soils (e.g. pH 5.0-6.5) silicate adsorption, as 157 
measured by adsorption isotherms, increased with increasing pH (Fig. 2). Adsorption 158 
isotherms were better fitted to the Freundlich (R2 = 0.95-0.99) than the Langmuir model (R2 = 159 
0.27-0.89) (Table 2). Other workers have also shown Si adsorption by soils is well described 160 
by the Freundlich equation (Wada and Inoue, 1974; Huang et al., 2006) and for rice paddy 161 
soils in China, Huang et al. (2006) found the Freundlich model described Si adsorption better 162 
than the Langmuir one. This is because Si adsorption isotherms do not necessarily show a 163 
pronounced maximum adsorption capacity as occurs for other anions such as phosphate (Lee 164 
and Kim, 2007). The Freundlich constant Kf  (related to adsorption capacity) increased with 165 
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increasing pH from 5.0 to 6.5 for both soils (Table 2) and values for the Freundlich constant 166 
1/n (related to adsorption intensity) were less than 1.0 indicating bonding energies decreased 167 
with increasing surface adsorption densities (Apak, 2002). 168 
 169 
 170 
 171 
 172 
 173 
 174 
 175 
 176 
Fig. 1. Concentrations of Si in equilibrium solutions (initial concentration 100 mg Si L-1) for 177 
the two study soils as a function of pH. 178 
 179 
 180 
 181 
 182 
 183 
 184 
 185 
Fig. 2. Silicon adsorption isotherms at pH 5.0, 5.5, 6.0 and 6.5 for the two study soils. 186 
Standard errors of the mean shown. 187 
Thus, at pH values typically encountered in sugarcane fields (5.0-6.0), liming increases 188 
adsorption and lowers soil solution Si concentrations. As a result, where soils of similar 189 
mineralogy, adsorption capacity and initial pH are limed with non-Si containing materials 190 
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(e.g. agricultural lime; CaCO3) they will contain more adsorbed Si and support less Si in soil 191 
solution than un-limed ones.  192 
Table 2 Langmuir and Freundlich isotherm constants and correlation coefficients (R
2
) for adsorption 193 
of Na silicate onto the soils at pH 5.0, 5.5, 6.0, 6.5. 194 
 195 
It is not clear how “plant available” adsorbed silicate is. The general order of affinity of 196 
anions for Fe and Al hydrous oxide surfaces is arsenate = phosphate = chromate > selenite > 197 
molybdate > silicate > sulphate = fluoride > selenate (McBride, 2000). While adsorbed 198 
phosphate is commonly considered not immediately available and becomes less so over time 199 
(Barrow, 1980), sulphate is only weakly adsorbed and adsorption is considered as a retention 200 
mechanism against leaching. The immediately plant-available pool of SO42- in soils is 201 
normally regarded to be the sum of the soil solution plus adsorbed SO42- pools (Metson, 202 
1979). Like SO42, silicic acid is highly mobile in soils and easily leached and biogeochemists 203 
generally consider adsorption as a retention mechanism against leaching (Cornelis et al., 204 
2011). It therefore seems possible that particularly in the pH range of most sugarcane soils, 205 
adsorption of silicate is a retention mechanism (e.g. against leaching). It is plausible that 206 
adsorbed Si is readily desorbed as plant uptake depletes Si from soil solution and this aspect 207 
(silicate desorption) certainly deserves future investigation. 208 
Sludges Metal 
Langmuir isotherm 
 
Freundlich isotherm 
qmax      
(mmol g
-1
) 
b                    
(L mmol
-1
) 
R
2
 Kf 1/n R
2
 
Soil 1 pH 5.0 4.43 0.27 0.76 0.92 0.75 0.97 
 pH 5.5 5.29 0.29 0.89 1.15 0.74 0.99 
 pH 6.0 12.7 0.15 0.81 1.57 0.85 0.99 
 pH 6.5 23.8 0.13 0.69 2.68 0.86 0.99 
Soil 2 pH 5.0 4.45 0.12 0.71 0.11 0.67 0.95 
 pH 5.5 17.4 0.11 0.79 1.69 0.89 0.99 
 pH 6.0 45.1 0.051 0.27 2.29 0.97 0.99 
 pH 6.5 96.1 0.043 0.57  3.78 0.97 0.99 
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 226 
 227 
Fig.3. Concentrations of extractable Si in the two study soils incubated with increasing rates 228 
of lime [CaOH)2] for12 weeks. Values within one soil followed by the same letter are 229 
not significantly different P ≤0.05. 230 
The effect of soil pH on Si extractability is likely to depend on the nature of the extractant 231 
used and what fraction of soil Si it is predominantly extracting from. An 0.01 M CaCl2 232 
solution extracts Si predominantly from that present in soil solution (Haynes, 2014). That is, 233 
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the concentration of 0.01 M is approximately that of the soil solution and Ca is typically the 234 
dominant cation in solution (Houba et al. 2000). Solutions of 0.01 M CaCl2 are used for 235 
routine soil testing for Si in sugarcane soils in Australia and South Africa (Berthelsen et al., 236 
2003; Miles et al., 2014). As expected from the above discussion, increasing pH resulted in 237 
decreased 0.01 M CaCl2-extractable Si (i.e. concentrations of Si in soil solution decreased) 238 
(Fig.3) due to increased adsorption of Si. Similarly, Haynes et al. (2013) showed that when an 239 
acid soil was incubated with increasing rates of lime and then reacted with added Si, CaCl2-240 
extrctable Si decreased progressively as pH rose from 4 to 8. Keeping et al. (2017) also 241 
recorded a decrease in 0.01 M CaCl2-extractable Si 30 days after liming an acid soil. 242 
 Acidic reagents are the most widely used extractants for assessing Si availability in soils 243 
(Sauer et al., 2006; Liang et al., 2015). As noted by Haynes (2014), acid extraction results in 244 
dissolution of Al and Fe oxy-hydroxide surfaces with the release of previously adsorbed 245 
silicate plus some release of Si from amorphous aluminosilicates. Liming will decrease the 246 
extractability of poorly ordered aluminosilicates (their solubility is favoured by acidic 247 
conditions) so that the increases in H2SO4- and acetic acid-extractable Si with increasing pH 248 
(Fig. 3) strongly suggest that the pool of adsorbed silicate was larger in limed soils. However, 249 
the increase in H2SO4- (6-15 mg Si kg-1) and acetic acid-extractable (9-12 mg Si kg-1) Si was 250 
notably greater than the decrease in CaCl2-extractable Si (2.1-3.4 mg Si kg-1) over the same 251 
pH range (Fig. 3) suggesting that Si originating from an additional source was being released 252 
with increasing pH.  This is likely to have been from the biogenic pool of silica present in 253 
soils. Biogenic Si is composed principally of plant-derived (phytogenic) amorphous silica but 254 
minor pools of zoogenic, microbial, protistic silica also exist (Sommer et al., 2006; Haynes, 255 
2017b). Plants take up silicic acid from soil solution and this is precipitated mainly in the 256 
shoots as particulate amorphous silica (phytoliths). When plant litter is deposited in the soil 257 
phytolith Si is recycled through the biogenic soil pool. Sugarcane soils in Australia 258 
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characteristically contain a substantial amount of biogenic silica (Parr et al. 2009) due to the 259 
practice of green cane harvesting which involves return of harvest residues (containing 260 
phytolith Si) to the soil (Haynes, 2017b). 261 
Alkaline solutions such as Na2CO3 are used to extract biogenic Si from soils because, 262 
unlike pedogenic primary and secondary minerals where solubilisation is favoured under 263 
acidic conditions, the solubility of amorphous biogenic silica strongly increases with 264 
increasing pH and is greatest at pH values > 9.0 (Fraysse et al., 2006). The alkaline 265 
complexing agent, Tiron, has also been used to extract amorphous silica from soils (Biermans 266 
and Baert, 1977). Although alkaline reagents extract mainly biogenic Si they also extract 267 
some pedogenic amorphous Si plus some easily soluble Si in pedogenic crystalline minerals. 268 
Methods of correcting them for mineral dissolution have been developed (DeMaster, 1981; 269 
Sauer et al., 2006) but these would not be practicable for routine soil testing. The alkali-270 
soluble Si fraction decreased markedly with increased liming (Fig. 3) strongly suggesting that 271 
biogenic Si in both soils decreased during incubation as the pH was increased. 272 
 Thus, incubation of soils with lime resulted in solubilisation of some biogenic Si which 273 
was subsequently adsorbed (both processes being favoured by an increase in pH); i.e. 274 
biogenic Si  soil solution Si   adsorbed Si. As a result, liming caused a decrease in alkali-275 
extractable Si and a concomitant increase in acid-extractable Si. Such decreases in alkali-276 
extractable Si induced by liming (increased soil pH) have not previously been reported and 277 
suggest that liming agricultural soils will induce dissolution of the biogenic Si pool. Guntzer 278 
et al. (2012) did, however, note that on the long-term Broadbalk continuous wheat 279 
experiment, at Rothamsted Experimental Station, higher biogenic Si concentrations in soils 280 
were associated with lower soil pH values and they attributed this to increasing pH favouring 281 
dissolution of biogenic Si. Certainly, dissolution of phytolith Si is known to be highly pH 282 
dependant being an order of magnitude greater at pH 6-7 than at 3-4 (Fraysse et al., 2006; 283 
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Nguyen et al., 2014). Diminution of the biogenic pool of Si under agricultural production has 284 
been recorded previously due to regular removal of phytolith Si from the field in crops and 285 
crop residues (Guntzer et al., 2012; Keller et al., 2012). Since liming is common practice for 286 
agricultural soils, it may well be an additional cause of the loss of biogenic soil Si. This aspect 287 
deserves further study using more detailed methods for measurement of biogenic Si such as 288 
direct extraction of phytolith Si from soils (Sommer et al., 2006; Guntzer et al., 2012) and/or 289 
use of correction techniques to correct alkali-extractable values for dissolution of crystalline 290 
and amorphous pedogenic Si minerals (Barao et al., 2014). 291 
Table 3. Effect of increasing rates of slag addition on pH and extractable Si in the two study soils 292 
Soil and rate 
of slag addition 
(g Si kg
-1
) 
pH(water) 
 
CaCl2-
extractable 
Si 
(mg kg
-1
) 
H2SO4-
extractable 
Si 
(mg kg
-1
) 
Acetic acid 
extractable 
Si 
(mg kg
-1
) 
Na2CO3-
extractable 
Si 
(mg kg
-1
) 
Tiron-
extractable 
Si 
(mg kg
-1
) 
Soil1 0 4.9a 8.14a 12.9a 9.33a 2200d 3890c 
 0.3 6.5b 20.9b 80.9b 51.2b 1980c 3650b 
 0.6 6.8c 26.1c 202c 133c 1806b 3485ab 
 1.0 7.0d 29.6d 371d 274d 1780a 3400a 
        
Soil 2 0 5.0a 9.61a 21.3a 10.3a 2006c 3338c 
 0.3 6.2b 24.3b 101b 41.7b 1983b 3260bc 
 0.6 6.5b 30.1c 197c 97.3c 1890a 3100b 
 1.0 6.8c 33.9d 321d 181d 1880a 2706a 
 293 
The blast furnace slag used was typical of that commonly used as a fertilizer Si source in 294 
agriculture having a pH of 10.8, a total Si content of 17.3% Si, a water/cation exchange resin-295 
extractable Si content of 7.2 g kg-1 and a NaCO3/NH4NO3-extractable Si content of 3.1 g kg-1. 296 
Its mineralogy was dominated by akermanite (Ca2Mg[Si2O7]) and gehlenite (Ca2Al[AlSiO7]). 297 
Addition of blast furnace slag to soils has a liming effect because both silicic acid and 298 
OH- ions are released during its dissolution. Indeed, blast furnace slag is used as a liming 299 
material as well as a source of Si (Haynes et al., 2013). Dissolution of a Ca-Mg silicate 300 
mineral commonly found in blast furnace slag (akermanite) proceeds as shown below:  301 
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Ca2MgSi2O7 + 3H2O  ⇌ 2SiO2 + Mg2+ + 2Ca2+ + 6OH- 302 
As expected, when both the CaCl2 and H2SO4 extractants were used, increasing rates of slag 303 
resulted in increased extractability of soil Si (Table 3). The pH also increased so that there 304 
was a positive relationship between pH and Si extractability. For example, regression 305 
equations and lines of best fit for the relationship between pH and CaCl2-extractable Si for the 306 
two study soils are shown in Fig. 4. A similar positive relationship between extractable Si and 307 
soil pH has also been observed by other workers in slag-treated soils (de Camargo et al., 308 
2007; Mantovani et al., 2016). Acidic extractants not only extract adsorbed Si but in slag-309 
treated soils they also extract residual undissolved slag Si (which is highly acid soluble). 310 
Indeed, for this reason, acid extractants are not recommended for soils with a history of slag 311 
fertilizer applications because they are considered to overestimate Si availability (Sumida, 312 
2002). This may be a partial explanation for why the magnitude of the increases in Si 313 
extractability with increasing rates of slag application were much greater when H2SO4 rather 314 
than CaCl2 was used as the extractant (Table 3). Nonetheless, dissolution of biogenic S and its 315 
subsequent adsorption is another possible reason for the large increases in acid-extractable Si. 316 
 317 
 318 
 319 
 320 
 321 
 322 
 323 
Fig. 4. Relationship between CaCl2-extractable Si and soil pH for the two study soils when 324 
incubated with increasing rates of blast furnace slag for 12 weeks. Linear regression 325 
equations of best fit shown. 326 
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Indeed, although alkali extractants are not currently used for routine soil testing, Na2CO3 327 
and Tiron were used here in the slag-fertilized soils to provide a comparison with results 328 
presented in Fig. 3. Again, as pH was increased (by slag applications) alkali-extractable Si 329 
decreased (Table 3) due to dissolution of biogenic Si. Increases in soluble Si due to 330 
dissolution of slag (which would contribute to Na2CO3- and Tiron-extractable Si) were 331 
evidently relatively small in comparison with the substantial decreases in biogenic Si and, as a 332 
result, both forms of alkali--extractable Si decreased with increasing slag rates. 333 
4. Conclusions     334 
Adsorption of Si by soils is highly pH dependant and has at a maximum between pH 9 and 10 335 
so that soluble Si concentrations (and those extractable with CaCl2) decline with increasing 336 
pH while the acid extractable Si fraction (predominantly adsorbed Si) increases. The potential 337 
plant-availability of adsorbed Si is, at present, unknown and needs to be examined in the 338 
future (i.e. ease of silicate desorption). Since dissolution of slags releases both silicic acid and 339 
OH- ions, slag applications to soils result in increases in pH and CaCl2- and acid- extractable 340 
Si. As a result, there is a positive relationship between extractable Si and soil pH in slag-341 
ammended soils. Increased pH, induced by either lime of slag applications, results in a 342 
decrease in alkali (Na2CO3- and Tiron-) extractable Si during incubation suggesting 343 
dissolution of amorphous biogenic soil silica. Such dissolution of biogenic Si following 344 
liming deserves future study under field conditions. The use of the alkaline extractants gave 345 
important additional information (over the use of a neutral salt or acidic reagents) and in the 346 
future, routine use of such extractants in soil testing may be important, especially where the 347 
biogenic pool of Si is an important source of potentially available soil Si. 348 
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●  Maximum adsorption of Si  by soils occurred at pH 9-10 
●  Lime and slag addition both led to an increase in acid-extractable Si 
●  Consentrations of  alkali (Na2CO3- and Tiron)-extractable Si were increased 
●  Increased pH increases adsoption Si but decreases that in the biogenic soil pool 
●  Slag increases pH, CaCl2-and acid- extractable Si 
 
 
 
